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(54) Heart-function monitor apparatus 

(57) An apparatus (8) for monitoring a function of 
the heart of a person, including a pre-ejection period 
measuring device (84) which non-invasively measures 
a pre-ejection period, an ejection-period measuring 
device (86) which non-invasively measures an ejection 
period, an aorta-pressure estimating device (80) for 
estimating blood pressure values in the aorta, a teledi- 
astolic-aorta-pressure determining device (92) for 
determining, based on the estimated aorta blood pres- 
sure values, a tefediastoiic blood pressure in the aorta 
at a telediastolic time of the heart, a telesystolic-aorta- 
pressure determining device (90) for determining, 
based on the estimated aorta blood pressure values, a 
telesystolic blood pressure in the aorta at a telesystolic 
time of the heart, an stroke-volume measuring device 
(98) which non-invasively measures a stroke volume of 
the left ventricle, and a telesystoltc-elastance determin- 
ing device (102) for determining, based on the meas- 
ured pre-ejection period, ejection period, and stroke 
volume and the determined aorta telediastolic and tele- 
systolic blood pressure values, a telesystolic elastance 
of the left ventricle, according a predetermined relation- 
ship between (A) left-ventricle telesystolic elastance 
and (B) (b1) pre-ejection period, (b2) ejection period, 
(b3) aorta telediastolic blood pressure, (b4) aorta tele- 
systolic blood pressure, and (b5) stroke volume. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

[0001] The present invention relates to a heart-function monitor apparatus which monitors a function of the heart of 
a living subject by evaluating a blood-outputting ability of the left ventricle of the heart. 

w Related Art Statement 

[0002] When a characteristic of the left ventricle of the heart as an elastic tube, that is, an elastic coefficient of the 
same, at a telesystolic time immediately before the aortic valve is closed, is defined as a left-ventricle telesystolic 
elastance E es , the elastance indicates a blood-outputting ability of the left ventricle. Accordingly, the elastance E es 

15 can be used as an important index of the function of the heart. For example, the elastance E es can be used as a quan- 
titative index of the dynamic condition of the circulatory system of a patient under intensive care or anesthesia. 
[0003] However, determination of the above I eft- ventricle telesystolic elastance E es , which is also known as the 
maximum pressure -volume ratio, or the left-ventricle telesystolic pressure-volume ratio, needs (a) detecting continu- 
ously respective changes of the inner pressure and inner volume of the left ventricle, (b) obtaining, in a two-dimensional 

20 coordinate system having a volume axis indicative of the inner volume of the left ventricle and a pressure axis indicative 
of the inner pressure of the same, a plurality of pressure- volume loops before and after preload or afterload is applied 
to the cardiac muscle, (c) estimating, based on the plurality of pressure-volume loops, a I eft- ventricle unstressed vol- 
ume, V 0 , taken when the inner pressure would take zero, and (d) determining the telesystolic elastance E es by dividing 
a telesystolic pressure, P es , by the difference of a telesystolic volume, V^, and the unstressed volume V 0 . Thus, the 

25 determination of the telesystolic elastance E es needs measuring simultaneously the inner pressure and Inner volume 
of the left ventricle. Conventionally, this determination has been carried out by an invasive method in which a cutting 
operation or a catheter insertion is needed. Thus, it has been very difficult to monitor the cardiac function. 

SUMMARY OF THE INVENTION 

30 

[0004] It is therefore an object of the present invention to provide a heart-function monitor apparatus which can non- 
invasively and easily monitor a left-ventricle telesystolic elastance E es of a living subject. 

[0005] The Inventor has carried out extensive studies in the above-mentioned background, and has found the fact 
that when (a) a pressure-volume ratio, E(t), is obtained by dividing a continuously obtained left-ventricle inner pressure, 

35 P(t), by the difference, (V(t) - V 0 ), of a continuously obtained I eft- ventricle inner volume, V(t) ( and the above-indicated 
unstressed volume V 0 , (b) a time-and-pressu re-volume- ratio curve is drawn, as shown in Fig. 8, in a two-dimensional 
coordinate system having a time axis and a pressure-volume-ratio axis, (c) a first portion of a length of the time-and- 
pressu re- volume- ratio curve between its start end and a maximum pressure-volume ratio, E max , i.e., a left-ventricle tel- 
esystolic elastance E es (the first portion corresponds to a pre-ejection period, PEP) is approximated by a straight line, 

40 L 1( and a second portion of the length (the second portion corresponds to an ejection period, ET) is approximated by a 
straight line, L 2( and (d) cxq is defined as being equal to the ratio, ccg/cc-i, of a slope, <x 2 , of the straight line L 2 to a slope, 
ct 1( of the straight line L 1f the left-ventricle telesystolic elastance E es can be expressed by using a telediastolic aorta 
(blood) pressure, P ad , i.e., an aorta inner pressure at a telediastolic time of the heart; a telesystolic aorta pressure P es , 
i.e., an aorta inner pressure at a telesystolic time of the heart; the ejection period ET and the pre-ejection period PEP 

45 of the left ventricle; a stroke volume, SV, i.e., a volume of the blood outputted by one beat of the left ventricle; a teledi- 
astolic left-ventricle pressure, P^, i.e., a I eft- ventricle inner pressure at the telediastolic time of the heart; and the ratio 
ot 0 . The present invention has been developed based on this finding. 

(1) According to a first feature of the present invention, there is provided an apparatus for monitoring a function of 
so a heart of a living subject, comprising a pre-ejection period measuring device which n on -invasive ly measures a pre- 

ejection period from a time when contraction of a cardiac muscle of a left ventricle of the heart starts, to a time when 
ejection of blood from the left ventricle starts; an ejection-period measuring device which non-invasively measures 
an ejection period during which the blood is ejected from the left ventricle; an aorta-pressure estimating means for 
estimating blood pressure values in an aorta of the subject; a telediastolic-aorta-pressure determining means for 
55 determining, based on the aorta blood pressure values estimated by the aorta-pressure estimating means, a tele- 

diastolic blood pressure in the aorta at a telediastolic time of the heart; a telesystolic-aorta-pressure determining 
means for determining, based on the aorta blood pressure values estimated by the aorta-pressure estimating 
means, a telesystolic blood pressure in the aorta at a telesystolic time of the heart; an stroke-volume measuring 
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device which non-invasively measures a stroke volume that is a volume of blood ejected from the left ventricle of 
the heart by a one-time beat of the heart; and a telesystolic-elastance determining means for determining, based 
on the measured pre-ejection period, the measured ejection period, the determined aorta telediastolic blood pres- 
sure, the determined aorta telesystolic blood pressure, and the measured stroke volume, a telesystolic elastance 

5 . of the left ventricle of the heart, according a predetermined relationship between (A) left-ventricle telesystolic 

elastance and (B) (bl) pre-ejection period, (b2) ejection period, (b3) aorta telediastolic blood pressure, (b4) aorta 
telesystolic blood pressure, and (b5) stroke volume. 

According to this feature, the telesystolic-elastance determining means determines, based on the pre-ejection 
period, the ejection period, the telediastolic aorta blood pressure, the telesystolic aorta blood pressure, and the 

w stroke volume all of which are non-invasively measured or determined, a telesystolic (i.e., end-systolic) elastance 
of the left ventricle of the heart of the subject, according the predetermined relationship. Thus, the present heart- 
function monitor apparatus can non-invasively and easily monitor the left ventricular end-systolic elastance corre- 
sponding to the cardiac function of the subject. 

(2) According to a second feature of the present invention that includes the first feature (1), the telesystolic- 
15 elastance determining means comprises means for determining, according the predetermined relationship, the tel- 
esystolic elastance of the left ventricle of the heart, based on the measured pre-ejection period, the measured ejec- 
tion period, the determined aorta telediastolic blood pressure, the determined aorta telesystolic blood pressure, the 
measured stroke volume, and a predetermined telediastolic (i.e., end-diastolic) pressure in the left ventricle at the 
telediastolic time of the heart. The left ventricular end-diastolic pressure is, e.g., 10 mmHg, but may be non-inva- 

20 sively estimated by the present monitor apparatus. 

(3) According to a third feature of the present invention that includes the second feature (2), the predetermined rela- 
tionship is defined by a following expression: 

E os = P ad + {(P ad - P edVPEP} X ET X CC 0 - P es ]/SV 

25 

where 

E es is the left-ventricle telesystolic elastance, 

P ad is the aorta telediastolic blood pressure, 
30 is the aorta telesystolic blood pressure, 

Ped ts tne left-ventricle telediastolic pressure, 

ET is the ejection period, 

PEP is the pre-ejection period, 

SV is the stroke volume, and 
35 olq is a coefficient. 

The above expression is obtained based on the fact that when a portion of the time-elastance curve (Fig. 8) 
between its start end and the maximum elastance E max , i.e., the telesystolic elastance E es is approximated by the 
40 two straight lines L 1( L 2 , the elastance Eeg can be expressed by using the telediastolic aorta (blood) pressure P ad , 

the telesystolic aorta pressure P es , the ejection period ET, the pre-ejection period PEP, the stroke volume SV, the 
telediastolic I eft- ventricle pressure, and the ratio ocq of the slope °* tne *' ne L 2 to tne slo P e a i °f tne ,ine 

(4) According to a fourth feature of the present invention that includes the third feature (3), the monitor apparatus 
further comprises an output-rate measuring device which non-invasively measures a volume of the left ventricle at 

45 the telediastolic time of the heart, and determines an output rate of the left ventricle of the heart by dividing the 

measured stroke volume by the measured left-ventricle telediastolic volume, and the telesystolic-elastance deter- 
mining means determines, based on the measured pre-ejection period, the measured ejection period, the deter- 
mined aorta telediastolic blood pressure, the determined aorta telesystolic blood pressure, the measured stroke 
volume, the measured output rate, and the left-ventricle telediastolic pressure, a telesystolic elastance of the left 

so ventricle of the heart, according a predetermined relationship between (A) left-ventricle telesystolic elastance and 
(B) (b1) pre-ejection period, (b2) ejection period, (b3) aorta telediastolic blood pressure, (b4) aorta telesystolic 
blood pressure, (b5) stroke volume, and (b6) output rate. According to this feature, the output-rate measuring 
device measures the output rate (i.e., ejection fraction) of the left ventricle that is known as being well correlated to 
the telesystolic elastance, and the telesystolic-elastance determining means determines the telesystolic elastance 

55 of the left ventricle, based on the measured output rate, the measured pre-ejection period, the measured ejection 
period, the determined aorta telediastolic blood pressure, the determined aorta telesystolic blood pressure, the 
measured stroke volume, the measured output rate, and the left-ventricle telediastolic pressure. Thus, the tele- 
systolic-elastance determining means determines a more accurate telesystolic elastance of the left ventricle. 
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(5) According to a fifth feature of the present invention that includes the fourth feature (4), the coefficient cxq of the 
expression is defined by a following expression: 

a 0 = C 1 +C 2 x EXP(C 3 x EF) 

5 

where 

EF is the measured output rate, 
C 1( C 2 , and C 3 are constants which are 
10 experimentally obtained, and 

EXP(Z) is an exponential function of Z. 

(6) According to a sixth feature of the present invention that includes of the fourth feature (4), the coefficient oq of 
the expression is defined by a following expression: 

15 

a 0 = C 1 +C 2 x EXP(C 3 x EF) + C 4 x EXP{C 5 x PEP/(PEP + ET)} 

where 

20 EF is the measured output rate, 

C.J, C 2 , C 3 , C 4 , and C 5 are constants which are 

experimentally obtained, and 

EXP(Z) is an exponential function of Z. 

25 

According to this expression, the coefficient olq occurring to the expression used according to the third feature 
(3) is determined based on the measured output rate and a ventricular contraction index, 'v (=PEP/(PEP + ET)) , 
that is conventionally known as an index of cardiac contractility. Therefore, the telesystolic-elastance determining 
means can more accurately determine the left ventricular telesystolic elastance according to the expression used 
30 according to the third feature (3). 

(7) According to a seventh feature of the present invention that includes any of the first to sixth features (1) to (6), 
the pre-ejection period measuring device comprises an electrocardiograph which includes a plurality of electrodes 
adapted to contact a body surface of the subject, and which detects, from the subject, an electrocardiogram wave- 
form including a Q wave; a heart-sound detecting device which is located in a body cavity of the subject, at a posi- 

35 tion in a vicinity of the heart of the subject, and which detects, from the subject, at least a first heart sound I; and 

means for determining, as the pre-ejection period, a time period from a time when the Q wave of the electrocardi- 
ogram waveform is detected to a time when an end of the first heart sound I is detected. Thus, the pre-ejection 
period measuring device can non-invasively measure the pre-ejection period PEP with accuracy. 

(8) According to an eighth feature of the present invention that includes any one of the first to seventh features (1) 
40 to (7), the ejection-period measuring device comprises a heart-sound detecting device which is worn on the sub- 
ject, at a position in a vicinity of the heart of the subject, and which detects, from the subject, a first heart sound I 
and a second heart sound II; and means for determining, as the ejection period, a time period from a time when an 
end of the first heart sound I is detected to a time when a start of the second heart sound II is detected. The ejec- 
tion-period measuring device can non-invasively measure the ejection period ET with accuracy. 

.45 (9) According to a ninth feature of the present invention that includes any one of the first to eighth features (1) to 

(8) , thetelediastolic-aorta-pressure determining means comprises an electrocardiograph which includes a plurality 
of electrodes adapted to contact a body surface of the subject, and which detects, from the subject, an electrocar- 
diogram waveform including a Q wave; and means for determining, as the telediastolic aorta blood pressure, a 
blood pressure which is estimated by the aorta -pressure estimating means as an aorta blood pressure at a time 

so when the Q wave of the electrocardiogram waveform is detected by the electrocardiograph. The teledlastolic-aorta- 

pressure determining means can non-invasively determine the telediastolic aorta blood pressure with accuracy. 
(10) According to a tenth feature of the present invention that includes any one of the first to ninth features (1) to 

(9) , thetelesystolic-aorta-pressure determining means comprises a heart-sound detecting device which is worn on 
the subject, at a position in a vicinity of the heart of the subject, and which detects at least a second heart sound II 

55 from the subject; and means for determining, as the telesystolic aorta blood pressure, a blood pressure which is 

estimated by the aorta-pressure estimating means as an aorta blood pressure at a time when a start of the second 
heart sound II is detected by the heart-sound detecting device. The telesystolic-aorta-pressure determining means 
can non-invasively determine the telesystolic aorta blood pressure with accuracy. 
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(1 1 ) According to an eleventh feature of the present invention that includes any one of the first to tenth features (1 ) 
to (10), the pre-ejection period measuring device non-invasively measures, each time the heart contracts and 
expands, a pre-ejection period from a time when the contraction of the cardiac muscle of the left ventricle of the 
heart starts, to a time when the ejection of the blood from the left ventricle starts; the ejection period measuring 

5 device non-invasively measures, each time the heart contracts and expands, an ejection period during which the 

blood is ejected from the left ventricle starts; the aorta-pressure estimating means estimates, each time the heart 
contracts and expands, blood pressure values in the aorta of the subject; each time the heart contracts and 
expands, the telediastolic-aorta-pressure determining means determines, based on the estimated blood pressure 
values of the aorta, a telediastolic blood pressure in the aorta at a telediastolic time of the heart; each time the heart 

10 contracts and expands, the telesystolic-aorta-pressure determining means determines, based on the estimated 

blood pressure values of the aorta, a telesystolic blood pressure in the aorta at a telesystolic time of the heart; each 
time the heart contracts and expands, the stroke-volume measuring device measures a stroke volume of the left 
ventricle; and each time the heart contracts and expands, the telesystolic elastance determining means deter- 
mines, based on the measured pre-ejection period, the measured ejection period, the determined telediastolic 

15 aorta blood pressure, the determined telesystolic aorta blood pressure, and the measured stroke volume, a tele- 

systolic elastance value of the left ventricle of the heart according to said predetermined relationship, and the mon- 
itor apparatus further comprises a display device which displays, along an axis indicative of time, the left-ventricle 
telesystolic elastance values which are successively determined by the telesystolic elastance determining means 
as the heart successively contracts and expands. According to this feature, since the display device displays a time- 

20 wise trend of the successively determined left ventricular end-systolic elastance values, a doctor or a nurse, for 
example, can recognize, when the cardiac function of a patient who is undergoing a surgical operation is lowering, 
the tendency or direction of change of the cardiac function, from the displayed timewise trend. Therefore, the doctor 
or nurse can estimate an abnormality of the cardiac function before the cardiac function actually indicates the 
abnormality. 

25 (12) According to a twelfth feature of the present invention that includes any one of the first to eleventh features (1 ) 

to (11), the aorta-pressure estimating means comprises a blood-pressure measuring device which includes an 
inflatable cuff adapted to be wound around a body portion of the subject, and which measures at least one blood 
pressure of the subject when an air pressure in the cuff is changed; a pulse-wave sensor which is adapted to be 
pressed against an artery of the subject via a skin tissue of the subject so as to flatten a portion of a wall of the 

30 artery, and which detects a pressure pulse wave transmitted thereto from the artery via the flattened wall portion of 

the artery and the skin tissue; relationship determining means for determining a relationship between blood pres- 
sure and pressure-pulse-wave magnitude, based art at least one blood pressure measured by the blood-pressure 
measuring device and at least one magnitude of the pressure pulse wave detected by the pulse- wave sensor; and 
means for calibrating, according to the determined relationship, instantaneous magnitudes of the pressure pulse 

35 wave detected by the pulse-wave sensor, and thereby providing a waveform representing the estimated aorta blood 

pressure values of the subject. 

. BRIEF DESCRIPTION OF THE DRAWINGS 

40 [0006] The above and optional objects, features and advantages of the present invention will be better understood 
by reading the following detailed description of the preferred embodiments of the invention when considered in conjunc- 
tion with the accompanying drawings, in which: 

Fig. 1 is a diagrammatic view for explaining the construction of a heart-function monitor apparatus to which the 
45 present invention is applied; 

Fig. 2 is a graph representing a relationship between blood pressure ("BP') and pulse-wave magnitude, which is 
used by the apparatus of Fig. 1 to estimate an artertal-BP waveform based on a pressure pulse wave detected by 
a pressure -pulse-wave sensor of the apparatus; 

Fig. 3 is a diagrammatic view for explaining important control functions of a control device of the apparatus of Fig. 1 ; 
so Fig. 4 is a graph representing an arterial-BP waveform estimated by an arterial -BP- waveform estimating means of 

the apparatus of Fig. 1; 

Fig. 5 is a time chart representing a relationship between a pre-ejection period and an ejection period respectively 
determined by a pre-ejection-period determining means and an ejection-period determining means of the appara- 
tus of Fig. 1, and an aortic-BP waveform, an electrocardiograph ( M ECG W ) waveform, and a cardiophonogram 
55 obtained by the apparatus; 

Fig. 6 is a graph showing a one-pulse pressure-volume loop representing a relationship between an inner volume 
and an inner pressure of the left ventricle of a living subject; 

Fig. 7 is a graph for explaining a relationship between a plurality of pressure-volume loops and a telesystolic pres- 
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sure-volume line, L es ; 

Fig. 8 is a graph showing a curve representing a relationship between elastance (i.e., pressure-volume ratio) and 
time, which corresponds to the one-pulse pressure-volume loop of Fig. 6; 

Fig. 9 is a graph showing a timewise trend or change of left-ventricle telesystolic elastance values E es that is dis- 
5 played on a display device of the apparatus of Fig. 1 ; 

Fig. 1 0 is a flow chart representing a main routine of a control program according to which the control device of Fig. 
3 is operated: and 

Fig. 1 1 is a flow chart representing a stroke-volume and output-rate calculating routine of the control program. 

w DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0007] Referring first to Fig. 1, there is shown a heart -function monitor apparatus 8 embodying the present inven- 
tion. 

[0008] In Fig. 1 , reference numeral 1 0 designates an inflatable cuff which is provided by a belt-like cloth bag and a 
is rubber bag accommodated in the cloth bag. The cuff 10 is worn on a patient by being wound around, for example, an 
upper arm 12 of a right hand of the patient. A pressure sensor 14, a selector valve 16, and an air pump 18 are con- 
nected to the cuff 1 0 via a piping 20. 

[0009] The selector valve 16 is selectively placed in an INFLATION position, a SLOW-DEFLATION position, and a 
QUICK-DEFLATION position. In the INFLATION position, the selector valve 16 permits pressurized air to be supplied 
20 from the air pump 18 to the cuff 10; in the SLOW-DEFLATION position, the valve 16 permits the pressurized air to be 
slowly discharged from the cuff 10 into the atmosphere; and in the QUICK-DEFLATION position, the valve 16 permits 
the pressurized air to be quickly discharged from the cuff 1 0 into the atmosphere. 

[001 0] The pressure sensor 1 4 detects an air pressure in the cuff 1 0, and supplies a pressure signal, SR represent- 
ing the detected pressure, to a static-pressure filter circuit 22 and a pulse-wave filter circuit 24. The static-pressure fitter 

25 circuit 22 includes a low-pass filter and transmits, as a cuff-pressure signal SK, a static ("DC") component of the signal 
SP. The cuff pressure signal SK represents a static pressure, P, of the cuff 10 (hereinafter, referred to simply as the "cuff 
pressure P M ). The cuff-pressure signal SK is supplied to a control device 28 via an analog-to-digital (A/D) converter 26. 
The pulse-wave filter circuit 24 includes a band-pass filter and transmits, as a pulse-wave signal SM 1( an oscillating 
( W AC) component of the signal SR The pulse-wave signal SM^ is supplied to the control device 28 via an A/D converter 

30 30. The pulse-wave signal SM 1 represents a pulse wave, i.e., an oscillatory pressure wave which is produced from a 
brachial artery (not shown) of the patient in synchronism with the heartbeat of the patient and is transmitted to the cuff 
10 via a skin tissue positioned between the artery and the cuff 10. Thus, the pulse-wave filter circuit 24 serves as a 
pulse-wave sensor which detects a pulse wave from a body portion of a living subject. 

[0011] The control device 28 is provided by a microcomputer which includes a central processing unit (CPU) 29, a 

35 read only memory (ROM) 31 , a random access memory (RAM) 33, and an input and output (I/O) port (not shown). The 
CPU 29 processes input signals according to control programs pre-stored in the ROM 31 by utilizing a temporary-stor- 
age function of the RAM 33, and outputs drive signals to the selector valve 1 6 and the air pump 1 8 via the I/O port and 
respective drive circuits (not shown) so as to regulate the cuff pressure R In addition, the CPU 29 of the control device 
28 operates for determining, according to well-known oscillometric method, blood pressure ("BP") values (e.g., systolic 

40 and diastolic BP values; referred to as the "proper BP values" if appropriate) of the patient, based on the variation of 
respective amplitudes of heartbeat-synchronous pulses of the pulse wave represented by the pulse-wave signal SM 1 
obtained while the cuff pressure P is decreased slowly at a rate of about 3 mmHg/sec after the cuff pressure P is quickly 
increased up to a predetermined target pressure. The control device 28 commands a display device 32 including a cath- 
ode ray tube (CRT), to indicate the thus determined BP values on the CRT. The control device 28 repeats this BP meas- 

45 urement using the cuff 10, at predetermined intervals of time. 

[0012] As shown in Fig. 1, the present monitor apparatus further includes a pulse-wave detector probe 34. The 
detector probe 34 includes an outer case (not shown) which accommodates a container-like sensor housing 36 and 
which is detachably attached to a body surface 38 of a wrist 42 of a left hand of the patient with a pair of bands (not 
shown) which are fastened around the wrist 42. Thus, the wrist 42 is opposite to the upper arm 12 around which the 

so cuff 10 is wound. The outer case support a feed screw 41 which is threadedly engaged with a projection of the sensor 
housing 36 and which is driven or rotated by an electric motor (not shown) to move the housing 36 in opposite directions 
intersecting a radial artery 56. With the outer case being attached to the body surface 38 with the help of the bands, an 
open end of the housing 36 contacts the body surface 38 of the wrist 42. 

[0013] A pulse-wave sensor 46 is supported by the sensor housing 36 via an elastic diaphragm 44, such that the 
55 pulse-wave sensor 46 is displaceable relative to the housing 36, when the diaphragm 44 is inflated, so as to be 
advanceable out of the open end of the housing 36. The housing 36, the diaphragm 44 and the pulse wave sensor 46 
cooperate with one other to define a pressure chamber 48, to which pressurized air is supplied from an air pump 50 via 
a pressure-regulator valve 52. Thus, the pulse-wave sensor 46 is pressed against the body surface 38 with a pressing 
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force corresponding to the air pressure in the pressure chamber 48. As far as the present embodiment is concerned, 
the pressing force applied to the pulse-wave sensor 46 is expressed in terms of the air pressure (unit: mmHg) in the 
pressure chamber 48. 

[001 4] The sensor housing 36 and the elastic diaphragm 44 cooperate with each other to provide a pressing device 
5 58 which presses the pulse-wave sensor 46 against the radial artery 56 via the skin tissue; and the feed screw 41 and 
the electric motor (not shown) cooperate with each other to provide a pressing-position changing device or a sensor 
moving device which moves the pulse-wave sensor 46 in the direction intersecting the radial artery 56 and thereby 
changes the pressing position where the sensor 46 presses the artery 56. 

[0015] The pulse-wave sensor 46 includes a plurality of semiconductor pressure-sensing elements (not shown) 

w which are provided in a plane surface of a semiconductor substrate, such as a monocrystalline silicon. The plane sur- 
face provides a press surface 54 of the pulse-wave sensor 46. The pressure-sensing elements are arranged, in the 
press surface 54, at small intervals of distance (e.g., 0.2 mm) in a direction parallel to the feed screw 41, that is, the 
direction in which the sensor 46 is moved by the screw 41 . The pulse-wave sensor 46 is pressed on the body surface 
38 of the wrist 42 such that the array of pressure-sensing elements cross over, or intersect, the radial artery 56. Thus, 

75 each of the pressure-sensing elements of the pulse-wave sensor 46 detects a pressure pulse wave, i.e., an oscillatory 
pressure wave which is produced from the radial artery 56 in synchronism with the heartbeat of the patient and is trans- 
mitted to the body surface 38 or the press surface 54, and produces a pulse-wave signal, SM 2 , representing the 
detected pulse wave. The respective pulse-wave signals SM 2 produced by the pressure-sensing elements of the pulse- 
wave sensor 46 are supplied to the control device 28 via an A/D converter 58. 

20 [0016] The control device 28 operates, according to the control programs pre-stored in the ROM 31 , for supplying 
drive signals to the air pump 50 and the pressure-regulator valve 52 via respective drive circuits (not shown), so as to 
regulate the air pressure in the pressure chamber 48. When the control device 28 operates for carrying out, for example, 
a BP-monitor operation, the control device 28 collects, while slowly changing (e.g., increasing) the pressure in the 
chamber 48, the pulse-wave signals SM 2 supplied from the individual pressure-sensing elements of the pulse-wave 

25 sensor 46. Based on the thus collected pulse-wave signals SM 2 , the control device 28 determines an optimum air pres- 
sure (i.e., optimum pressing force), Phdpo t0 be aPP^ 0 * to tne pulse-wave sensor 46, by identifying an air pressure 
value in the chamber 48 at the time when a portion of the wall of the radial artery 56 is partly flattened under the press- 
ing force of the pulse-wave sensor 46. Since the manner of determination of the optimum pressing force is well known 
in the art, no more description is provided. 

30 [0017] Based on the collected pulse-wave signals SM 2 , the control device 28 additionally selects an optimum pres- 
sure-sensing element located right above the center of the radial artery 56, by identifying one of the pressure-sensing 
elements of the pulse wave sensor 46 that provides a pulse wave signal SM 2 having the greatest amplitude of the 
respective amplitudes provided by all the pressure-sensing elements. Thus, the control device 28 controls the pressure 
regulator valve 52 so as to maintain the pressure of the chamber 48 at the determined optimum air pressure Phdpo 

35 and receives the pulse-wave signal SM 2 from the selected optimum pressure-sensing element with the chamber 48 
being maintained at the optimum air pressure Phdpo- is speculated that, since the optimum pressure-sensing ele- 
ment is located right above the center of the artery 56, the pulse-wave signal SM 2 supplied from the optimum element 
is free of the influence due to the elastic or tensile force produced in the wall of the artery 56 and accordingly accurately 
represents BP in the artery 56. That is, the waveform of the pulse-wave signal SM 2 supplied from the optimum pres- 
to sure-sensing element accurately indicates the instantaneous variation of BP of the patient. 

[0018] In addition, each time a systolic and a diastolic BP values, BP SY s. BP D ia. are measured using the cuff 10, 
the control device 28 operates, according to the control programs pre-stored in the ROM 31 , for determining a relation- 
ship between blood pressure and pulse wave magnitude (referred to as the H MBP-P M relationship"), as shown in Fig. 2, 
based on the measured systolic and diastolic BP values BP SYS , bp dia and a maximum and a minimum magnitude (i.e., 

45 upper-peak and lower-peak magnitudes), P M max. p Mmim of one heartbeat-synchronous pulse of the pulse-wave signal 
SM 2 supplied from the pulse-wave sensor 46 (i.e., the optimum pressure-sensing element thereof). The difference 
between the maximum and minimum magnitudes P Mmax » p Mmin of eacn heartbeat-synchronous pulse is defined as the 
amplitude of the each pulse. According to the thus determined MBP-P M relationship, the control device 28 successively 
or continuously determines a systolic and a diastolic BP value, MBP SY s, MBP D)A , (i.e., estimated or monitor BP values) 

so of the patient, based on a maximum and a minimum magnitude PMmax< p Mmin of eacn of respective heartbeat-synchro- 
nous pulses of the pulse-wave signal SM 2 detected after the MBP-P M relationship is determined, and commands the 
display device 32 to display continuously the monitor BP values MBP SYS , MBP D | A , in digits, that are determined for the 
each of the successive heartbeat-synchronous pulses. In addition, the control device 28 commands the display device 
32 to display continuously a waveform of the pulse-wave signal SM 2 supplied from the optimum pressure-sensing ele- 

55 ment. This waveform indicates the monitor BP values MBP thus determined for the each successive pulse. 
[0019] The MBP-P M relationship shown in Fig. 2 is defined by the following expression (1): 

MBP = A • P M + B (1) 
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where 

A is a constant representing a slope, and 
B is a constant representing an intercept. 

5 

[0020] In Fig. 1 , a heart-sound microphone 62 which functions as a heart-sound sensor is provided in the vicinity 
of the heart of the patient so as to detect heart sounds produced from the heart, and produces a heart-sound signal, 
SS, representing the detected heart sounds. The microphone 62 may be worn on a body surface of the patient, but it is 
preferred that the microphone 62 be provided in a body cavity of the patient, such as the esophagus. The heart-sound 
io signal SS produced by the microphone 62 is supplied to the control device 28 via an amplifier (not shown), a band-pass 
filter 64 for removing noise from the signal SS, and an A/D converter 66. The heart sounds represented by the heart- 
sound signal SS include, as shown in Fig. 5, a first sound I corresponding to the closing of the mitral valve and the open- 
ing of the aortic valve, and a second sound II corresponding to the closing of the aortic valve. 

[0021] An electrocardiograph ("ECG') device 68 includes a plurality of electrodes 70 which are adhered to a body 
15 surface of the patient such that the adhered electrodes 70 surround the heart of the patient, detects, through the 
adhered electrodes 70, an electrocardiogram ("ECG") waveform induced by the heart, and produces an ECG signal, 
SE, representing the detected ECG waveform. The ECG signal SE is supplied to the control device 28. Each period or 
cycle of the ECG signal SE includes, as shown in Fig. 5, well-known P wave, Q wave, R wave, S wave and T wave in 
this order. 

20 [0022] An echocardiograph device 72 includes a probe 73 adapted to be worn on a chest of the patient, and non- 
invasive^ measures, in a method known as M-mode echocardiography or UCG (ultrasonic cardiography), a simultane- 
ous inner volume of the left ventricle of the heart. The probe 73 has an incorporated oscillator (not shown) for emitting 
an ultrasonic wave of 1 to 1 0 MHz, and detects respective waves (echoes) reflected by two walls of the left ventricle that 
are opposed to each other to define the left ventricle in the direction of emission of the wave, and produces an echo 

25 signal, SR, representing the detected echoes. The echo signal SR is supplied to the control device 28. The control 
device 28 continuously detects, based on the echo signal SR supplied from the device 72, respective simultaneous 
motions of the walls of the left ventricle. More specifically described, the control device 28 calculates, based on the echo 
signal SR, a simultaneous distance between the two walls of the left ventricle. In addition, the control device 28 calcu- 
lates, according to a predetermined relationship (i.e., mathematical formula or expression) between left-ventricle vol- 

30 ume and left-ventricle wall distance, a left-ventricle telesystolic volume, V es , based on the minimum distance between 
the two walls during each cycle corresponding to each beat of the heart, and additionally calculates, according to the 
same relationship, a left-ventricle telediastolic volume, V ed , based on the maximum distance between the two walls dur- 
ing each cycle. Moreover, the control device 28 calculates, based on the left- ventricle telesystolic and telediastolic vol- 
umes V^, V ed , a stroke volume SV and an output rate, EF, of the left ventricle of the heart. The output rate EF is 

35 obtained by dividing the stroke volume SV by the telediastolic volume V^. 

[0023] The control device 28 processes the ECG signal SE, the heart-sound signal SS and the pulse-wave signal 
SM 2 so as to calculate a telediastolic aortic BP value, P ad , a telesystolic aortic BP value, P es , a pre-ejection period, PEP, 
and an ejection time or period, ET, and calculates, based on the thus calculated values P ad , P es , PEP, ET, the stroke 
volume SV, the output rate EF, and a non-invasive ly estimated left-ventricle telediastolic pressure, P ecI , i.e., a left-ventri- 

40 cle inner pressure at a telediastolic time of the heart, a I eft- ventricle telesystolic elastance E eSl according to the follow- 
ing expression (2): 



E es = I P ad + {( P ad ' P ed) /p EP} X ET X a 0 - P es ]/SV (2) 

45 [0024] The left-ventricle telesystolic elastance E es is calculated for each of successive heartbeat-synchronous 
pulses of the pulse-wave signal SM 2 , and is stored in a memory device (not shown) such as a hard disk, a semiconduc- 
tor memory card, or a magnetic tape. The control device 28 controls the display device 32 or a printer (not shown) to 
display or print a timewise trend or change of the thus determined telesystolic elastance values E es . 
[0025] Fig. 3 shows important control functions of the control device 28. In a BP measuring operation, the pressure 

so sensor 14 detects the pressing pressure of the inflatable cuff 10 that is changed by a cuff-pressure regulating means 
74. A BP measuring means 76 measures, according to the oscillometric method or the Korotkoff-sound method, a 
systolic BP value BPgys. a mean BP value BP^e^, and a diastolic BP value BPqia 0- e -> proper BP values) of the 
patient, based on the change of the pulse-wave signal SM 1 (e.g, the change of respective amplitudes of heartbeat-syn- 
chronous pulses of the signal SM-j), or the change of Korotkoff sounds (e.g., the first and last detection of the sounds) 

55 that are obtained while the pressing pressure of the cuff 1 0 is changed slowly at the rate of about 2 to 3 mmHg/sec by 
the cuff-pressure regulating means 74. 

[0026] A relationship determining means 78 determines, in advance, a MBP-P M relationship, shown in Fig. 2, 
between blood pressure BP and pulse-wave magnitude P M ; based on the pulse-wave signal SM 2 detected by the 
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above-indicated optimum pressure-sensing element (hereinafter, referred to as the "active element") of the pulse-wave 
sensor 46 and the BP values measured by the BP measuring means 76. 

[0027] An estimated-BP determining means (or an arterial-BP-waveform estimating means) 80 continuously deter- 
mines, according to the MBP-P M relationship shown in Fig. 2, estimated or monitor BP values of the patient based on 

5 at least one magnitude of each of successive heartbeat-synchronous pulses of the pulse-wave signal SM 2 detected by 
the above-indicated active element of the pulse-wave sensor 46, and outputs an arterial-BP waveform, BP(t), as shown 
In Fig. 4, which represents the estimated or monitor BP values of the patient. This arterial-BP waveform BP(t) indicates 
the waveform of BP of the brachial artery of the patient, but corresponds to that of the aorta of the patient. Therefore, 
the arterial-BP-waveform estimating means 80 functions as an estimated -aortic- BP determining means, and the arte- 

w rial-BP waveform BP(t) represents estimated aortic BP values. In the case, however, where an aortic-BP waveform can- 
not be estimated by the brachial-artery-BP waveform BP(t) for some reasons, a predetermined transfer function may be 
employed to determine an aortic-BP waveform based on the brachial-artery-BP waveform BP(t). 

[0028] A time-difference determining means 82 determines a time difference, TD, between the end of the first 
sound I detected by the heart-sound microphone 62 and the rising point (i.e., minimum or lower-peak point) of a corre- 

15 sponding heartbeat-synchronous pulse of the pulse-wave signal SM 2 detected by the pulse-wave sensor 46. Since the 
end of the first sound I indicates the time when the left ventricle of the heart starts ejecting blood into the aorta, the time 
difference TD is equal to a time needed for the aortic BP to propagate from the aorta to the radial artery 56 against 
which the sensor 46 is pressed. In the case where it is difficult to specify the end of the first heart sound I, the first sound 
I may be replaced by the Q wave, R wave, or S wave of the ECG waveform each of which indicates the time when the 

20 he art- ventricle muscle starts excitation, that is, the left ventricle starts contraction. 

[0029] A PEP determining means 84 non-invasively determines a pre-ejection period PEP between the start of 
contraction of the cardiac muscle of the left ventricle and the start of ejection of blood from the left ventricle. For exam- 
ple, the PEP determining means 84 determines, for each of successive heartbeat-synchronous pulses of the heart, the 
pre-ejection period PEP (seconds) by counting reference clock pulses from the time when the Q wave of the ECG wave- 

25 form is detected to the time when the end of the first sound I is detected. Alternatively, the PEP determining means 84 
may determine the pre-ejection period PEP by subtracting the time difference TD determined by the means 82, from a 
time between the time when the Q wave of the ECG waveform is detected and the time when the rising point of the aor- 
tic-BP waveform is detected. In the case where the time difference between the Q wave and the R wave of the ECG 
waveform can be neglected, the Q wave may be replaced with the R wave that is more easily detected. Since the pre- 

30 ejection period PEP is, as shown in the time chart of Fig. 5, the time between the time when the cardiac muscle of the 
left ventricle of the heart starts contraction and the time when the left ventricle starts outputting blood, i.e., the aortic 
valve opens, the period PET is called as an isovolumetric contraction period or time. 

[0030] An ET determining means 86 non-invasively determines an ejection period ET during which the left ventricle 
of the heart outputs blood. For example, the ET determining means 86 determines, for each of successive heartbeat- 

35 synchronous pulses of the heart, the ejection period ET (seconds) by counting reference clock pulses from the time 
when the end of the first heart sound I is detected to the time when the start of the second heart sound II is detected. 
Alternatively, the ET determining means 86 may determine the ejection period ET by first measuring a time period from 
the Q wave of the ECG waveform is detected to the time when the start of the second sound li is detected, so as to 
determine the sum, (PEP + ET), of the pre-ejection period PEP and the ejection period ET, that is, a time period during 

40 which the heart contracts, and then subtracting, from the sum (PEP +- ET), the pre-ejection period PEP determined by 
the means 84. In this case, too, the R wave may be used in place of the Q wave. Otherwise, the ET determining means 
86 may determine the ejection period ET by measuring a time period from the time (t 2 in Fig. 4) when the rising point 
of each heartbeat-synchronous pulse of the estimated arterial-BP waveform BP(t) to the time (t 4 ) when the notch of the 
each pulse that corresponds to the time when the aortic valve is closed. 

45 [0031] A telesystofic-aortic-BP determining means 90 determines a telesystolic-aortic-BP ("TSA-BP") value, P^, 
that is, a BP value in the aorta at the end of the contraction of the left ventricle, based on the estimated arterial-BP 
waveform BP(t) provided by the means 80, the time difference TD determined by the means 82, and the heart-sound 
signal SS detected by the microphone 62. For example, since the start of the second heart sound II is detected when 
the aortic valve is closed, that is, when the contraction of the left ventricle ends, and the aortic BP at the start of the 

so second sound II propagates to the radial artery 56 after the time difference TD, the start of the second sound II is iden- 
tified, and a BP value corresponding to a magnitude taken or indicated by the estimated arterial-BP waveform BP(t) at 
a time after the time difference TD from the time when the start of the second sound II is identified, is determined as the 
TSA-BP value P^. 

[0032] A telediastolic-aortic-BP determining means 92 determines a telediastolic-aortic-BP ("TDA-BP") value, P ad( 
55 that is, a BP value in the aorta at the end of the expansion of the heart, based on the estimated arterial-BP waveform 
BP(t) provided by the means 80. For example, a BP value corresponding to a magnitude taken or indicated by the esti- 
mated arterial-BP waveform BP(t) at a time after the time difference TD from the time when the Q wave of the ECG 
waveform that corresponds to the start of contraction of the cardiac muscle, that is, the end of expansion of the same 
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is detected, is determined as the TDA-BP value P ad . 

[0033] A wall-distance determining means 93 determines, based on the echo signal SR supplied from the echocar- 
diograph device 72, the respective motions of the two walls that define the left ventricle in the direction of emission of 
the ultrasonic wave from the device 72, and continuously calculates an instantaneous distance, DL, between the two 

5 walls during each cycle corresponding to each beat of the heart. 

[0034] A telediastolic-volume determining means 94 determines, according to the predetermined expression 
between left-ventricle volume V and left-ventricle wall distance DL, a left-ventricle telediastolic volume V^ based on the 
greatest or maximum distance, DL max , between the two walls during each cycle corresponding to each beat of the 
heart. The maximum distance DL max is determined by the wall-distance determining means 93. 

10 [0035] A telesystolic-volume determining means 96 determines, according to the same predetermined expression, 
a I eft- ventricle telesystolic volume V es based on the smallest or minimum distance, DL min , between the two walls during 
each cycle corresponding to each beat of the heart. The minimum distance DLmin is determined by the wall-distance 
determining means 93. 

[0036] A stroke-volume determining means 98 non-invasively estimates or determines a stroke volume SV, i.e., a 

75 volume of the blood outputted or ejected by one beat of the left ventricle. The stroke-volume estimating means 98 deter- 
mines, as the stroke volume SV, the difference, (V ed -V^), between the left- ventricle telediastolic volume V ed deter- 
mined by the means 94 and the I eft- ventricle telesystolic volume V es determined by the means 96. 
[0037] An output-rate determining means 100 determines an output rate EF of the left ventricle by dividing the 
stroke volume SV by the I eft -ventricle telediastolic volume V ed determined by the means 94. 

20 [0038] An elastance determining means 102 determines, according to a predetermined relationship, e.g., the rela- 
tionship defined by the above-indicated expression (2), a left-ventricle telesystolic elastance E es , based on the pre-ejec- 
tion period PEP determined by the means 84 in each cycle corresponding to each beat of the heart, the ejection period 
ET determined by the means 86 in the each cycle, the TSA-BP value determined by the means 90 in the each cycle, 
the TDA-BP value P ad determined by the means 92 in the each cycle, the stroke volume SV determined by the means 

25 98 in the each cycle, and a non-invasively estimated left-ventricle telediastolic pressure P^. The elastance determining 
means 102 outputs the left-ventricle telesystolic elastance E es determined in each cycle corresponding to each beat of 
the heart, or a moving average of a predetermined number of elastance values E es determined in the predetermined 
number of successive cycles corresponding to the predetermined number of successive beats of the heart. The prede- 
termined number may be, e.g., five. 

30 [0039] The ratio or coefficient ccq occurring to the expression (2) may be obtained according to the following expres- 
sion (3) or (4): 

ot 0 = C 1 + C 2 x EXP(C 3 x EF) (3) 

35 where 

C 1( C 2 , and C 3 are constants which are experimentally obtained. 



40 

ct 0 = C 4 + C 5 x EXP(C 6 x EF) + C 7 x EXP{C 8 x PEP/(PEP + ET)} (4) 

where 

45 C 4 , C 5f C 6 , C 7 , and C 8 are constants which are experimentally obtained. 

[0040] in the expressions .(3), (4), EXP(Z) is an exponential function of Z. The base of EXP(Z) may be the base of 
natural logarithm. For example, the constants C 1( C 2 , and C 3 may be - 0.771 , 0.864, and 0.929, respectively, and the 
constants C 4 , C 5> C 6 , C 7 , and C 8 may be - 0.366, 0.484, 1.426, - 2.185, and - 20.692, respectively. 

so [0041] Thus, in the case where the coefficient ct 0 is obtained according to the expression (3) or (4), the left-ventricle 
telesystolic elastance E es is calculated based on the output rate EF determined by the means 100, as well. 
[0042] The above-indicated left-ventricle telediastolic pressure P ed is a left-ventricle inner pressure at the time 
when contraction of the left ventricle starts. The heart-function monitor apparatus 8 includes a left-ventricle-pressure 
determining or estimating means which non-invasively and continuously determines or estimates an inner pressure of 

55 the left ventricle of the heart. Thus, the left-ventricle- pressure determining means determines the I eft- ventricle teledi- 
astolic pressure P^. The telediastolic left -ventricle pressure P ed is about 10 mmHg that is sufficiently lower than the tel- 
ediastolic aorta pressure P ad of about 70 to 90 mmHg, and does not influence so much the telesystolic I eft- ventricle 
elastance E es determined according to the expression (2). Therefore, a constant value which is experimentally deter- 
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mined in advance may be used as the telediastolic pressure P ed . 

[0043] Here, the expression (2) is described in detail. A relationship between an inner volume V of the left ventricle 
of the heart and an inner pressure P of the same may be expressed in a two-dimensional coordinate system, shown in 
Fig. 6, which has a pressure axis and a volume axis. A pressure -volume loop representing each beat cycle of the heart 

5 has a generally rectangular shape including an isovolumetric expansion line, L 3 , an equal-pressure expansion line, L 4 , 
an isovolumetric contraction line, L 5 , and an equal-pressure contraction line, L 6 . In the coordinate system, a symbol, V 0l 
indicates a I eft- ventricle unstressed volume that is an inner volume of the left ventricle at the time when the inner pres- 
sure of the same is zero. The left-ventricle unstressed volume V 0 is, as shown in Fig. 7, the intersection point of the vol- 
ume axis and a telesystolic pressure-volume line, L^, that is a line representing a relationship between the left-ventricle 

io volume V and the end point of the equal-pressure contraction that is the intersection point of the two lines L 3 , L$. 

[0044] On the generally rectangular, pressure-volume loop shown in Fig. 6, an elastance, E(t), is obtained by divid- 
ing the continuously obtained inner pressure P(t) of the left ventricle by the difference, (V(t) - V 0 ), of the inner volume 
V(t) of the left ventricle and the left-ventricle unstressed volume V 0 . Thus, the elastance E(t) is also called as a pres- 
sure-volume ratio. Therefore, the left-ventricle teiesystolic elastance E es is defined as the pressure-volume ratio at the 

15 teiesystolic time of the heart, that is, the slope of the teiesystolic pressure- volume line L es . A width of the pressure-vol- 
ume loop in a direction along the volume axis indicates the stroke volume SV, i.e., the volume of blood outputted during 
each beat cycle of the heart. 

[0045] Fig. 8 shows a two-dimensional coordinate system having an axis of ordinate representing the elastance 
E(t) continuously calculated from the pressure-volume loop shown in Fig. 6, and an axis of abscissa representing time, 

20 t. Thus, Fig. 8 shows a curve of the elastance E(t) that corresponds to one beat cycle of the heart, i.e., one heartbeat- 
synchronous pulse. Fig. 8 shows two straight lines, L 1( L 2 that approximates a first half portion of the pressure-volume- 
ratio curve between its start end and a maximum pressure-volume ratio E max , i.e., a I eft- ventricle teiesystolic elastance 
E es . The first straight line L<| approximates a portion of the curve that corresponds to the pre-ejection period PER and 
connects between an elastance E^ at the start of the pre-ejection period PEP and an elastance E ad at the end of the 

25 pre-ejection period PEP. The second straight line L 2 approximates another portion of the curve that corresponds to the 
ejection period ET, and connects between the elastance E ad at the start of the ejection period ET, i.e., at the end of the 
pre-ejection period PEP and the elastance at the end of the ejection period ET, i.e., at the teiesystolic time. 
[0046] Since the coefficient "oq" of the expression (2) is the ratio of a slope cc 2 of the straight line L 2 to a slope 
of the straight line L 1t the coefficient M ao M is defined by the following expression (5): 

30 

cc 0 =a 2 /a 1 ={(E es - E ad )x PEP}/{(E ad - E ed ) x ET) (5) 

[0047] The I eft- ventricle teiesystolic elastance E es is defined by the following expression (6), by re-arranging the 
expression (5): 

35 

E es = E ed + «E ad " E edVPEP) X ET X a 0 (6) 
[0048] From the pressure-volume loop shown in Fig. 6, the following expressions (7) to (10): 



P ad = E ad x(V ed -V 0 ) (7) 
P ed = E ed x(V ed -V 0 ) (8) 

Pmax = EesX<Ved-V 0 )<9) 



[0049] The maximum pressure P max is an estimated pressure which would be taken if no blood were ejected from 
the left ventricle, that is, a left-ventricle inner pressure at the intersection point of the teiesystolic pressure-volume line 
50 t-es and the isovolumetric contraction line L 5 . 

[0050] When E ad , Eetj, E es defined by re-arranging the expressions (7), (8), (9) are substituted for E ad , E ed , and E es 
occurring to the expression (6), the following expression (1 1) is obtained: 



P max = P ad + «P ad " P ed ^P} X ET X 0C 0 (11) 

[0051] When P max defined by the expression (11) is substituted for P max occurring to the expression (10), the 
above-indicated expression (2) is obtained. 

[0052] The above-indicated expressions (3), (4) each used for determining the coefficient Oq occurring to the 
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expression (2), are obtained based on the experimental fact that the I eft- ventricle telesystolic elastance E^ is strongly 
related to the output rate EF and a cardiac contraction index, l V - The coefficients, to C 8 , occurring to the expressions 
(3), (4) are obtained by well-known regression calculations based on ratio values a 0 , output rate values EF, pre-ejection 
period values PEP, and ejection period values ET which are experimentally obtained. 

5 [0053] Back to Fig. 3, a display control means 104 controls the display device 32 to display a timewise trend or 
change of the left-ventricle telesystolic elastance values E^ continuously determined by the means 102, as shown in 
Fig. 9. In the present embodiment, a greater value E es indicates a higher function of the heart of the patient. Therefore, 
an observer such as a doctor a nurse can monitor the cardiac function of the patient by observing the timewise change 
(e.g., an abrupt decrease) of the elastance values E es displayed on the display device 32. 

10 [0054] Hereinafter, there will be described the operation of the present heart-function monitor apparatus 8 by refer- 
ence to the flow chart of Figs. 1 0 and 1 1 . Fig. 1 0 shows a main routine according to which the control device 28 is oper- 
ated to operate the monitor apparatus 8, and Fig. 1 1 shows a stroke-volume and output-rate calculating routine as a 
step of the main routine of Fig. 10. 

[0055] First, at Step SA1 of Fig. 1 0, the control device 28 judges whether a predetermined calibration period (e.g., 
15 twenty minutes) has elapsed. If a negative judgment is made at Step SA1 , the control of the control device 28 skips Step 
SA2 and SA3 and proceeds with Step SA4 to estimate an arterial-BP waveform. On the other hand, if a positive judg- 
ment is made at Step SA1 , the control goes to Step SA2 corresponding to the BP measuring means 76. At Step SA2, 
the control device 28 carries out a BP measuring operation using the inflatable cuff 10, according to the oscillometric 
method or the Korotkoff-sound method. Step SA2 is followed by Step SA3 corresponding to the relationship determin- 
ed ing means 78. At Step SA3, the control device 28 determines a relationship, shown in Fig. 2, based on the BP values 
BP measured using the cuff 1 0 by the BP measuring means 76 and the magnitudes P M of the pressure pulse wave rep- 
resented by the pulse-wave signal SM 2 detected by the active element of the pulse-wave sensor 46. 
[0056] Step SA3 is followed by Step SA4 corresponding to the arterial-BP- waveform estimating means 80. At Step 
SA4, the control device 28 converts, according to the relationship determined at Step SA3, the pulse-wave signal SM 2 
25 detected by the active element of the pulse-wave sensor 46, into the estimated arterial-BP waveform BP(t), shown in 
Fig. 4, that represents estimated BP values of the patient. 

[0057] Step SA4 is followed by Step SA5 to judge whether the Q wave of the ECG waveform represented by the 
ECG signal SE has been detected. If a negative judgment is made at Step SA5, the present control cycle is ended, and 
the next control cycle is started. On the other hand, if a positive judgment is made at Step SA, the control goes to Step 

30 SA6 to judge whether the end of the first heart sound I represented by the heart-sound signal SS has been detected. If 
a negative judgment is made at Step SA6, the control device 28 repeats Step SA6. Meanwhile, if a positive judgment 
is made at Step SA6, the control goes to Step SA7 to determine, as the pre-ejection period PEP, a time period from the 
time of detection of the Q wave to the time of detection of the end of the first sound I. Thus, Steps SA5 to SA7 corre- 
spond to the PEP determining means 84. 

35 [0058] At the following step, Step SA8, the control device 28 judges, based on the pulse-wave signal SM 2 supplied 
from the pulse-wave sensor 46, whether the rising point of one heartbeat-synchronous pulse of the estimated arterial- 
BP waveform BP(t) has been detected. If a negative judgment is made at Step SA8, the control device 28 repeats Step 
SA8. Meanwhile, if a positive judgment is made at Step SA8, the control goes to Step SA9 corresponding to the time- 
difference determining means 82. At Step SA9, the control device 28 determines a time difference TD between the time 

40 when the end of the first sound I is detected at Step SA6 and the time when the rising point of the pulse-wave signal 
SM 2 is detected at Step SA8. This time difference TD means a propagation time needed for the blood ejected from the 
left ventricle of the heart to reach the radial artery 56 against which the pulse-wave sensor 46 is pressed. 
[0059] At the following step, Step SA10 corresponding to the telediastolic-aortic-BP determining means 92, the 
control device 28 determines, as the telediastolic aortic BP value P ad , a BP value corresponding to a magnitude taken 

45 by the estimated arterial-BP waveform BP(t) at a time after the time difference TD determined at Step SA9 from the time 
when the Q wave of the ECG waveform is detected at Step SA5. 

[0060] Step SA10 is followed by Step SA1 1 to judge whether the start of the second sound II represented by the 
heart-sound signal SS has been detected. The second sound II is produced when the the inner pressure of the left ven- 
tricle becomes not higher than that of the aorta and accordingly the aortic valve is closed. Therefore, the start of the 

50 second sound II means the end of contraction of the left ventricle, i.e., the telesystolic time. If a negative judgment is 
made at Step SA1 1 , the control device 28 repeats Step SA1 1 . Meanwhile, if a positive judgment is made at Step SA1 1 , 
the control goes to Step SA12 to determine, as the ejection period ET during which the blood is ejected from the left 
ventricle, a time period from the time when the end of the firs sound I is detected at Step SA6 to the time when the start 
of the second sound II is detected at Step SA1 1. Thus, Steps SA6, SA11, and SA12 correspond to the ET determining 

55 means 86. 

[0061] At the following step, Step SA1 3 corresponding to the telesystoiic-aortic-BP determining means 90, the con- 
trol device 28 determines, as the telesystolic aortic BP value P^, a BP value corresponding to a magnitude taken by 
the estimated arterial-BP waveform BP(t) at a time after the time difference TD determined at Step SA9 from the time 
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when the start of the second sound II is detected at Step SA1 1 . 

[0062] At the following step, Step SA1 4 corresponding to the stroke-volume determining means 98 and the output- 
rate determining means 1 00. At Step SA1 4, the control device 28 iteratively calculates a stroke volume SV and an out- 
put rate EF, according to the subroutine of Fig. 11 , at a considerably short period, thereby updating the stroke volume 

5 SV and the output rate EF. 

[0063] At Step SB1 of Fig. 1 1, the echocardiograph device 72 detects the ultrasonic waves generated by the oscil- 
lator incorporated by the probe 73 thereof and then reflected by the wails of the left ventricle, and supplies the echo sig- 
nal SR representing the detected ultrasonic waves to the control device 28. The control device 28 judges whether it has 
received the echo signal SR. If a negative judgment is made at Step SB1 , this routine is ended and repeated. Mean- 

io while, if a positive judgment is made, the control of the control device 28 goes to Step SB2 corresponding to the wall- 
distance determining means 93. At Step SB2, the control device 28 measures the respective motions of the two walls 
of the left ventricle that are opposed to each other in the direction of generation of the ultrasonic wave, and determines 
an instantaneous distance DL of the two walls of the left ventricle. 

[0064] At the following step, Step SB3, the control device 28 judges, based on the echo signal SR, whether it has 

15 detected a length of the echo signal that corresponds to one cycle corresponding to one beat of the heart. If a negative 
judgment is made at Step SB3, this routine is ended and repeated. Meanwhile, if a positive judgment is made, it means 
that the control device 28 has continuously determined a batch of instantaneous distances DL corresponding to the one 
beat of the heart. Hence, the control of the control device 28 goes to Step SB4 corresponding to the left-ventricle tele- 
diastolic volume determining means 94. At Step SB4, the control device 28 determines or selects, from the batch of 

20 instantaneous distances DL collected at Step SB3, the greatest or maximum distance DL max of the two walls during the 
one cycle corresponding to the one beat. The maximum wall distance DL max corresponds to the maximum volume of 
the left ventricle during the one cycle. In addition, the control device 28 determines, based on the maximum wall dis- 
tance DL max , a left-ventricle telediastolic volume according to the predetermined mathematical expression defining 
the predetermined relationship between left-ventricle volume and left-ventricle wall distance. 

25 [0065] At the following step, Step SB5, corresponding to the left-ventricle telesystolic volume determining means 
96, the control device 28 determines or selects, from the batch of instantaneous distances DL collected at Step SB3, 
the smallest or minimum distance DL min of the two walls during the one cycle corresponding to the one beat. The min- 
imum wall distance DL mjn corresponds to the minimum volume of the left ventricle during the one cycle. In addition, the 
control device 28 determines, based on the minimum wall distance DL min , a I eft- ventricle telesystolic volume V es 

30 according to the same predetermined mathematical expression as employed at Step SB4. 

[0066] At the following step, Step SB6, corresponding to the stroke-volume determining means 98, the control 
device 28 estimates the difference (V ed - V es ) of the left- ventricle telediastolic volume V ed determined at Step SB4 and 
the left-ventricle telesystolic volume V es determined at Step SB5, as the stroke volume SV that is the volume of the 
blood outputted or ejected from the left ventricle during the one beat of the heart. 

35 [0067] At the following step, Step SB7, corresponding to the output-rate determining means 1 00, the control device 
28 non-invasively determines the output rate EF of the left ventricle by dividing the stroke volume SV determined at 
Step SB6, by the I eft- ventricle telediastolic volume V ed determined at Step SB4. 

[0068] Back to Step SA15 corresponding to the I eft- ventricle telesystolic elastance determining means 102, the 
control device 28 determines, according to the second and fourth expressions (2) and (4), a left-ventricle telesystolic 

40 elastance E es based on the pre-ejection period PEP determined at Step SA10, the ejection period ET determined at 
Step SA12, the aorta telediastolic pressure P ad determined at Step SA10, the aorta telesystolic pressure P es deter- 
mined at Step SA1 3, the stroke volume SV determined at Step SB6 (Step SA14), the output rate EF determined at Step 
SB7 (Step SA14), and the left-ventricle telediastolic pressure P^ predetermined as a constant value, e.g., 10 mmHg. 
[0069] At the following step, Step SA1 6 corresponding to the display control means 1 04, the control device 28 con- 

45 trols the display device 32 to display, in digits, the left-ventricle telesystolic elastance value E es determined for the one 
beat of the heart at Step SA15, and additionally display a trend graph, as shown in Fig. 9, representing a timewise 
change of the continuously determined elastance values E es . 

[0070] It emerges from the foregoing description that the I eft- ventricle telesystolic elastance determining means 
102 (Step SA15) determines, according to the predetermined relationship defined by the second expression (2), the 

50 left-ventricle telesystolic elastance E^ based on the pre-ejection period PEP, the ejection period ET, the aorta teledi- 
astolic pressure P ad , the aorta telesystolic pressure P es , and the stroke volume SV all of which are non-invasively meas- 
ured or determined, and the left-ventricle telediastolic pressure P od predetermined as the constant value. Thus, the 
present monitor apparatus 8 can non-invasively, easily, and continuously monitor the left-ventricle telesystolic elastance 
E e s indicating the cardiac function of the patient. 

55 [0071 ] In the illustrated embodiment, the output-rate determining means 1 00 (Step SB7) determines the output rate 
EF that is known to be closely related to the left-ventricle telesystolic elastance E es , and the left-ventricle telesystolic 
elastance determining means 102 (Step SA15) determines the coefficient olq occurring to the second expression (2), 
based on the output rate EF determined by the means 100, and the ventricle contraction index l v that is conventionally 
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known as an index of the contracting ability of the heart. Therefore, the present monitor apparatus 8 can more accu- 
rately determine the telesystolic elastance E es . 

[0072] In the illustrated embodiment, the heart-sound microphone 62 is located in the body cavity such as the 
esophagus in the vicinity of the heart, so as to detect the first and second heart sounds I, II produced from the heart, 
5 and the PEP determining means 84 (Steps S5 to S7) determines, as the pre-ejection period PEP, a time period from 
the time when the Q wave of the ECG waveform is detected through the ECG 68 to the time when the end of the first 
heart sound I is detected through the microphone 62. Thus, this means 84 can non-invasively and accurately measure 
the pre-ejection period PEP. 

[0073] The present heart-function monitor apparatus 8 employs the display control means 104 (Step SA16) which 
w controls the display device 32 to display the left- ventricle telesystolic elastance values E^ continuously determined by 
the means 102 (Step SA15), along the time axis, as shown in Fig. 9. For example, in the case where the cardiac func- 
tion of a patient who is undergoing a surgical operation is lowering, the present apparatus 8 can display a timewise 
change of the left-ventricle telesystolic elastance values E^ that accurately reflects the lowering of the cardiac function. 
Thus, a medical staff such a doctor or a nurse can estimate an abnormality of the cardiac function before the elastance 
15 E es actually indicates an abnormal value. 

[0074] While the present invention has been described in its preferred embodiments, it is to be understood that the 
invention may otherwise be embodied. 

[0075] For example, in the illustrated embodiment, the telesystolic-aorta-BP determining means 90 determines, as 
the telesystolic aorta BP value P^, a magnitude of the estimated arterial-BP waveform BP(t) at a time after the time 

20 difference TD from the time when the start of the second heart sound II is detected. The start of the second heart sound 
II may be replaced by the end of the T wave of the ECG waveform, as shown in Fig. 5. It addition, since the telesystolic 
aorta BP value P es can be approximated by a mean BP value (i.e., mean arterial pressure), MAR according to a rule of 
thumb, an average of instantaneous BP values corresponding to one cycle or period, T p of the estimated arterial-BP 
waveform BP(t), that is, a mean BP value MAP may be used as the telesystolic aorta BP value P es . Since the mean BP 

25 value MAP is defined as £BP(t)/T, it can be expressed by a BP value corresponding to a center of gravity of an area 
enveloped of the one cycle T of the estimated arterial-BP waveform BP(t). 

[0076] In the illustrated embodiment, the telediastolic-aorta-BP determining means 92 determines, as the teledi- 
astolic aorta BP value P ad , a magnitude of the estimated arterial-BP waveform BP(t) at a time after the time difference 
TD from the time when the Q wave of the ECG waveform is detected. However, since the aortic pressure at the teledi- 

30 astolic time of the heart does not change so largely for a considerably long time, as shown in Fig. 5, the estimated arte- 
rial-BP waveform BP(t) can be used to estimate an aortic pressure at an arbitrary point during a time period when the 
first sound I is detected, or an aortic pressure at the time when the R wave or S wave of the ECG waveform is detected, 
and determine the thus estimated aortic pressure as the telediastolic aorta BP value P ad . Alternatively, a BP value cor- 
responding to the rising point of each heartbeat-synchronous pulse of the estimated arterial-BP waveform BP(t) can be 

35 used as the telediastolic aorta BP value P ad . 

[0077] In the illustrated embodiment, the coefficient ocq occurring to the second expression (2) is determined 
according to the third or fourth expression (3) or (4). However, the coefficient a 0 may be experimentally determined as 
a constant value. In the latter case, the degree of accuracy of the left-ventricle telesystolic elastance values E^ deter- 
mined is not so high as that of the values E es determined in the illustrated embodiment, but can be practically used. 

40 [0078] In the illustrated embodiment, the stroke-volume determining means 98 determines the stroke volume SV 
based on the echo signal SR detected by the echocardiograph device 72. However, the control device 28 may estimate, 
based on the arterial-BP waveform BP(t), shown in Fig. 4, determined by the arterial-BP-waveform determining means 
80, a stroke volume SV according to the following expression (12) known as Warnner & Gardner's formula: 



45 



so 




55 

[0079] In the arterial-BP waveform BP(t) shown in Fig. 4 and the above expression (12), the time t 1 of the start of 
the pre-ejection period PEP is prior by, e.g., 80 milliseconds to the time t 2 of the lower peak and the time t 4 of the end 
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of the ejection period ET is subsequent by, e.g., 80 milliseconds to the time t 3 of the upper peak. In the expression (12), 
the coefficient, K, is a correcting constant which is calibrated in advance by a value directly obtained by the thermodilu- 
sion method. 

[0080] Alternatively, the stroke-volume determining means 98 may be adapted to determine, according to a prede- 
termined relationship employed in the Kubicek method, a stroke volume SV based on an impedance cardiogram 
detected by using electrodes worn on neck and waist of a person. 

[0081] It is to be understood that the present invention may be embodied with other changes, improvements and 
modifications that may occur to those skilled in the art without departing from the scope and spirit of the invention 
defined in the appended claims. 

Claims 

1 . An apparatus (8) for monitoring a function of a heart of a living subject, comprising: 

75 a pre-ejection period measuring device (84) which non-invasively measures a pre-ejection period from a time 

when contraction of a cardiac muscle of a left ventricle of the heart starts, to a time when ejection of blood from 
the left ventricle starts; 

an ejection-period measuring device (86) which non-invasively measures an ejection period during which the 
blood is ejected from the left ventricle; 
20 an aorta-pressure estimating means (80) for estimating blood pressure values in an aorta of the subject; 

a telediastolic-aorta-pressure determining means (92) for determining, based on the aorta blood pressure val- 
ues estimated by the aorta-pressure estimating means, a telediastolic blood pressure in the aorta at a teledi- 
astolic time of the heart; 

a telesystolic-aorta-pressure determining means (90) for determining, based on the aorta blood pressure val- 
25 ues estimated by the aorta-pressure estimating means, a telesystolic blood pressure in the aorta at a tele- 

systolic time of the heart; 

an stroke-volume measuring device (98) which non-invasively measures a stroke volume that is a volume of 
blood ejected from the left ventricle of the heart by a one-time beat of the heart; and 

a telesystolic-elastance determining means (1 02) for determining, based on the measured pre-ejection period, 
30 the measured ejection period, the determined aorta telediastolic blood pressure, the determined aorta tele- 

systolic blood pressure, and the measured stroke volume, a telesystolic elastance of the left ventricle of the 
heart, according a predetermined relationship between (A) I eft- ventricle telesystolic elastance and (B) (b1) pre- 
ejection period, (b2) ejection period, (b3) aorta telediastolic blood pressure, (b4) aorta telesystolic blood pres- 
sure, and (b5) stroke volume. 



35 



45 



2. An apparatus according to claim 1 , wherein the telesystolic-elastance determining means comprises means (1 02) 
for determining, according said predetermined relationship, the telesystolic elastance of the left ventricle of the 
heart, based on the measured pre-ejection period, the measured ejection period, the determined aorta telediastolic 
blood pressure, the determined aorta telesystolic blood pressure, the measured stroke volume, and a predeter- 
mined telediastolic pressure in the left ventricle at the telediastolic time of the heart. 

3. An apparatus according to claim 2, wherein said predetermined relationship is defined by a following expression: 

E es = [Pad +- {(P ad - P ed )/PEP} x ET x cc 0 - Pes]/SV 

where 



E es is the left-ventricle telesystolic elastance, 

P ad is the aorta telediastolic blood pressure, 
so P es is the aorta telesystolic blood pressure, 

Ped is the I eft- ventricle telediastolic pressure, 

ET is the ejection period, 

PEP is the pre-ejection period, 

SV is the stroke volume, and 
55 clq is a coefficient. 

4. An apparatus according to claim 3, further comprising an output-rate measuring device (100) which non-invasively 
measures a volume of the left ventricle at the telediastolic time of the heart, and determines an output rate of the 
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left ventricle of the heart by dividing the measured stroke volume by the measured left-ventricle telediastolic vol- 
ume, wherein the telesystolic-elastance determining means (102) determines, based on the measured pre-ejection 
period, the measured ejection period, the determined aorta telediastolic blood pressure, the determined aorta tel- 
esystolic blood pressure, the measured stroke volume, the measured output rate, and the I eft- ventricle telediastolic 
5 pressure, a telesystolic elastance of the left ventricle of the heart, according a predetermined relationship between 

(A) left-ventricle telesystolic elastance and (B) (b1 ) pre-ejection period, (b2) ejection period, (b3) aorta telediastolic 
blood pressure, (b4) aorta telesystolic blood pressure, (b5) stroke volume, and (b6) output rate. 

5. An apparatus according to claim 4, wherein the coefficient a 0 of said expression is defined by a following expres- 
10 sion: 

a 0 = C 1 +C 2 x EXP(C 3 x EF) 

where 

15 

EF is the measured output rate, 

C 1 , C 2 , and C 3 are constants which are 

experimentally obtained, and 

EXP(Z) is an exponential function of Z. 

20 

6. An apparatus according to claim 4, wherein the coefficient Oq of said expression is defined by a following expres- 
sion: 

a 0 = C 1 + C 2 xEXP(C 3 x EF) + C 4 x EXP{C 5 x PEP/(PEP + El)} 

25 

where 

EF is the measured output rate, 
C-j, C 2 , C 3 , C 4 , and C 5 are constants which are 
30 experimentally obtained, and 

EXP(Z) is an exponential function of Z. 

7. An apparatus according to any one of claims 1 to 6, wherein the pre-ejection period measuring device (84) com- 
prises: 

35 

an electrocardiograph (68, 70) which includes a plurality of electrodes (70) adapted to contact a body surface 
of the subject, and which detects, from the subject, an electrocardiogram waveform including a Q wave; 
a heart-sound detecting device (62) which is located in a body cavity of the subject, at a position in a vicinity of 
the heart of the subject, and which detects, from the subject, at least a first heart sound I; and 
40 means (84) for determining, as the pre-ejection period, a time period from a time when the Q wave of the elec- 

trocardiogram waveform is detected to a time when an end of the first heart sound I is detected. 

8. An apparatus according to claim 1 , wherein the ejection -period measuring device (86) comprises: 

a heart-sound detecting device (62) which is worn on the subject, at a position in a vicinity of the heart of the 
subject, and which detects, from the subject, a first heart sound I and a second heart sound II; and 
means (86) for determining, as the ejection period, a time period from a time when an end of the first heart 
sound I is detected to a time when a start of the second heart sound II is detected. 

so 9. An apparatus according to claim 1 , wherein the telediastolic-aorta-pressure determining means (92) comprises: 

an electrocardiograph (68, 70) which includes a plurality of electrodes (70) adapted to contact a body surface 
of the subject, and which detects, from the subject, an electrocardiogram waveform including a Q wave; and 
means (92) for determining, as the telediastolic aorta blood pressure, a blood pressure which is estimated by 
55 the aorta-pressure estimating means as an aorta blood pressure at a time when the Q wave of the electrocar- 

diogram waveform is detected by the electrocardiograph. 

10. An apparatus according to claim 1 , wherein the telesystolic-aorta-pressure determining means (90) comprises: 
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a heart-sound detecting device (62) which is worn on the subject, at a position in a vicinity of the heart of the 
subject, and which detects at least a second heart sound II from the subject; and 

means (90) for determining, as the telesystolic aorta blood pressure, a blood pressure which is estimated by 
the aorta-pressure estimating means as an aorta blood pressure at a time when a start of the second heart 
5 sound II is detected by the heart-sound detecting device. 

11. An apparatus according to claim 1, wherein the pre-ejection period measuring device (84) non-invasively meas- 
ures, each time the heart contracts and expands, a pre-ejection period from a time when the contraction of the car- 
diac muscle of the left ventricle of the heart starts, to a time when the ejection of the blood from the left ventricle 

10 starts; the ejection period measuring device (86) non-invasively measures, each time the heart contracts and 

expands, an ejection period during which the blood is ejected from the left ventricle starts; the aorta-pressure esti- 
mating means (80) estimates, each time the heart contracts and expands, blood pressure values in the aorta of the 
subject; each time the heart contracts and expands, the telediastolic-aorta-pressure determining means (92) deter- 
mines, based on the estimated blood pressure values of the aorta, a telediastolic blood pressure in the aorta at a 

15 telediastolic time of the heart; each time the heart contracts and expands, the telesystolic-aorta-pressure determin- 

ing means (90) determines, based on the estimated blood pressure values of the aorta, a telesystolic blood pres- 
sure in the aorta at a telesystolic time of the heart; each time the heart contracts and expands, the stroke-volume 
measuring device (98) measures a stroke volume of the left ventricle; and each time the heart contracts and 
expands, the telesystolic elastance determining means (102) determines, based on the measured pre-ejection 

20 period, the measured ejection period, the determined telediastolic aorta blood pressure, the determined telesysto- 

lic aorta blood pressure, and the measured stroke volume, a telesystolic elastance value of the left ventricle of the 
heart according to said predetermined relationship, and wherein the apparatus further comprises a display device 
(32, 104) which displays, along an axis indicative of time, the left-ventricle telesystolic elastance values which are 
successively determined by the telesystolic elastance determining means as the heart successively contracts and 

25 expands. 

12. An apparatus according to claim 1, wherein the aorta-pressure estimating means (80) comprises: 

a blood-pressure measuring device (10, 76) which includes an inflatable cuff (1 0) adapted to be wound around 
30 a body portion of the subject, and which measures at least one blood pressure of the subject when an air pres- 

sure in the cuff is changed; 

a pulse-wave sensor (46) which is adapted to be pressed against an artery of the subject via a skin tissue of 
the subject so as to flatten a portion of a wall of the artery, and which detects a pressure pulse wave transmitted 
thereto from the artery via the flattened wall portion of the artery and the skin tissue; 

35 relationship determining means (78) for determining a relationship between blood pressure and pressure- 

pulse-wave magnitude, based on at least one blood pressure measured by the blood-pressure measuring 
device a nd at least one magnitude of the pressure pulse wave detected by the puise-wave sensor; and 
means (80) for calibrating, according to the determined relationship, instantaneous magnitudes of the pressure 
puise wave detected by the pulse-wave sensor, and thereby providing a waveform representing the estimated 

40 aorta blood pressure values of the subject. 
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